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PREFACE 
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I INTRODUCTION 
With t h e  phenomenal  growth of a i r  t r a n s p o r t a t i o n  o v e r  t h e  l a s t  two 
decades ,  t he  con t r ibu t ion  o f  a i r c ra f t  t o  t he  ove ra l l  no i se  po l lu t ion  prob- 
l e m  has  generated  increasing  public  concern.  The grea te r  f requency  of  
t akeof f s  and l and ings ,  t he  inc rease  i n  s i z e  o f  t r a n s p o r t  a i r c r a f t ,  and the  
e x p a n s i o n  o f  a i r p o r t  f a c i l i t i e s  h a v e  s e r v e d  t o  i n c r e a s e  t h e  n o i s e  i n  many 
res ident ia l  communi t ies  to  a leve l  cons idered  by some' to  be unacceptable ,  
Curren t  pro jec t ions  of  the  fu ture  growth  of  a i r  t ranspor ta t ion ,  inc luding  
the  in t roduct ion  of  the  supersonic  t ranspor t  (SST) and t h e  f l i g h t  o f  
V/STOL a i r c r a f t  i n t o  m e t r o p o l i t a n  and r e s iden t i a l  a r eas ,  g ive  the  conce rn  
about  a i rc raf t  no ise  an  immedia te  pr ior i ty .  
Nat ional  and internat ional  publ ic  concern was r e f l e c t e d  i n  t h e  
"Transportation Message of 1966" by the  P res iden t  o f  t he  Un i t ed  S ta t e s ,  
t h e  I n t e r n a t i o n a l  Symposium on  Ai rc ra f t  No i se  he ld  in  1966 in  England ,2  
which a t t r a c t e d  t o p  p o l i c y  makers from many na t ions ,  and t h e  many r ecen t  
r e v i e w  a r t i c l e s  i n  s c i e n t i f i c  j o u r n a l s  c o n s i d e r i n g  p o s s i b l e  methods of 
r educ ing  a i r c ra f t  no i se .  3"8 T h e r e f o r e ,  a i r c r a f t  n o i s e  h a s  become a major 
cons idera t ion  in  the  des ign  of  a i rc raf t  engines ,  the  expans ion  and layout  
o f  a i r p o r t  f a c i l i t i e s ,  and the  takeoff  and landing procedures  required by 
most  major  a i rports .  
1 
9 
I t  is genera l ly  agreed  tha t  for  the  la rge  subsonic  j e t  t r a n s p o r t s  o f  
t h e  e a r l y  1 9 7 0 ~ ~  t h e  j e t  noise  has  been largely reduced by means o f  l a r g e ,  
cold-air  bypass  ra t ios  ranging from 5:l t o  8:1, by t h e  u s e  o f  mul t ip l e  
nozzles,  and by nozzle  shaping to  induce external  a i r  f low.2,6 y 7  For 
these engines t h e  ma jo r  pa r t  o f  t he  no i se  is c rea t ed  by the  a i r  i n l e t  
compresso r ,  a l t hough  cu r ren t  r e sea rch  ind ica t e s  t ha t  t h i s  problem  can be 
a l l e v i a t e d . *  I n  f a c t ,  t h r o u g h  t h e  use  o f  acous t i c  t r ea tmen t ,  t he  com- 
p res so r  no i se  in  the  eng ines  used  in  the  jumbo jets has  been great ly  re- 
duced.  Uti l iz ing these developments  together  with higher  climb angles 
(6' i n s t ead  o f  t h e  present  3'), t he  cu r ren t  eng ine  gene ra t ion  i s  g iv ing  
rise to lower perceived noise  levels ,  between 19 and 20 db lower (10 db - 
1 order  of  magni tude)  than those of  t h e  previous generat ion of  j e t s ,  such 
as  t h e  o l d e r  f a n  jets (707/DC8) which ope ra t e  w i t h  a bypass  ra t io  of  on ly  
3:2. 
This  reduct ion  in  perce ived  noise  leve l ,  however ,  is  l a r g e l y  o f f s e t  
by  heavier  p lanes  w i t h  l a rge r  eng ines  and by i n c r e a s e d  a i r  t r a f f i c .  The 
present  improvements  therefore  represent  only a temporary engineering 
s o l u t i o n .   F u r t h e r  improvements w i l l  require   technical   break-throughs 
tha t  mus t  be founded upon a fundamental understanding of t h e  noise  pro- ,  
duct ion processes .  
F o r  t h e  SST w i t h  subsonic combustion, t h e  problem of j e t  no i se  is 
even  more severe ,  a l though in  t h i s  case  too ,  some improvement  can be made 
by means o f  s t eepe r  climb angles ,  bypass  doors  in  t he  a f t e rbu rne r ,  e tc .  
However, t he  seve re  p ro f i l e  d rag  in  supe r son ic  f l i gh t  does  no t  pe rmi t  t h e  
cons t ruc t ion  of  la rge  bypass  fans .  Also ,  t h e  dependence  of  shock  compres- 
s i o n  on c o r r e c t  a l i g n m e n t  o f  t h e  e n g i n e  a i r  i n l e t  makes t h e  SST engine 
more s u s c e p t i b l e  t o  s t a l l ,  and the re fo re  i t  is much more d i f f i c u l t  t o  
u t i l i z e  n o i s e  s u p p r e s s i o n  schemes in  the  des ign  o f  such  eng ines ,  
Except  for  t h e  s o n i c  boom produced by t h e  SST, no ise  from both sub- 
sonic  and  supersonic  a i rc raf t  o r ig ina tes  pr imar i ly  from the  propulsion 
* I t  Noise Abatement Method and Apparatus ," U . S .  Pa t en t  No. 3194487. 
2 
s y s t e m ;  i .e . ,  t h e  p rope l l e r ,  t he  h e l i c o p t e r  r o t o r ,  or t he  j e t  engine.  lo 
I n  t h e  j e t  engine t h e  compressor, the combustion chamber, and t h e  exhaust 
j e t  a l l  c o n t r i b u t e  t o  t h e  o v e r a l l  n o i s e  l e v e l - .  I n  g e n e r a l ,  t h e  combustion 
noise  i s  much less than  tha t  due  to  t h e  o t h e r  two sources .  In  t he  j e t  
eng ines  cu r ren t ly  used  on  a l l  bu t  t he  new jumbo je t s ,  the  j e t  exhaust  is 
the  dominat ing  noise  cont r ibu tor .  By us ing  a h igh  b y p a s s  r a t i o  i n  t he  
new eng ine  des ign  fo r  t h e  jumbo je ts ,  however, t h e  j e t  exhaust  noise  has  
been reduced so  t h a t  t h e  compressor noise becomes t h e  primary noise source.  
By acous t ic  t rea tment  of  t h e  engine nacelle,  however,  progress has been 
made i n . r e d u c i n g  t h e  compressor  noise  to more acceptable   again 
leav ing  the  exhaust j e t  a s  t h e  main c o n t r i b u t o r  t o  t h e  no i se  problem i n  
t h e  subsonic  j e t  engines .  For t h e  SST, i n  which la rge ,  co ld-a i r  bypass  
r a t i o s  c a n n o t  be achieved  eas i ly  and af te rburn ing  is necessary,  t he  j e t  
no i se  w i l l  probably  always be t h e  dominant no ise  source .  The research  
program described here in  addresses ,  therefore ,  the  exhaust j e t  no i se  prob- 
l e m .  Hopeful ly ,   s tudy of t h e  fundamental   processes  of  noise  generation 
w i l l  b r ing  new technologica l  breakthroughs  to  a l lev ia te  t h e  no i se  problem 
assoc ia ted  w i t h  t he  continuing growth of the a i r  t r a n s p o r t a t i o n  f i e ld .  
Over t h e  pas t  two decades,  t h e  problem of  a i r c r a f t  n o i s e  h a s  been 
s tud ied   bo th   t heo re t i ca l ly  and experimental ly .  The t h e o r e t i c a l  groundwork 
was done primarily by Lighth i l17  *11-13 i n  England before the  mid-1950s. 
Although Lighthi l l  is still  a c t i v e  i n  t h e  f i e ld ,7  r e l a t i v e l y  r e c e n t  ad- 
vances in  t h e  j e t  noise  theory have been contr ibuted by  Powell ,  '* 
Williams,16r17 and o thers .   Exper imenta l ly ,   re la t ive ly  f e w  i n v e s t i g a t o r s  
have addressed themselves  to  actual  experimental  research on t h e  d e t a i l s  
o f  t h e  j e t  exhaust mixing process that gives rise t o  the  sound field.18-20 
Except  for  Davies ,  F isher ,  and Bar ra t t , 20  who made h o t  wire c o r r e l a t i o n  
measurements i n s i d e  t h e  j e t ,  most i n v e s t i g a t o r s  s a t i s f i e d  t h e m s e l v e s  w i t h  
varying gross  parameters  such as  j e t  diameter,10,21 velocity,22-24 den- 
~ i t y , ~ ~  e tc . ,  wh i l e  measuring t h e  s p e c t r a l  c o n t e n t ,  d i r e c t i o n ,  and 
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magnitude of the  rad ia ted  sound.  From t hese  inves t iga t ions  an  ove ra l l  
p i c t u r e  of exhaust j e t  no i se  gene ra t ion  has  emerged, which is i n  good 
qua l i t a t ive  ag reemen t  wi th  obse rved  no i se  l eve l s  and  d i r ec t iv i ty .  How- 
ever, i t  w i l l  be  necessary  to  s tudy  exper imenta l ly  t h e  b a s i c  j e t  s t ruc -  
t u r e  i n  more d e t a i l  t o  g a i n  a better understanding of t h e  noise  genera t ion  
process .  
The research  program d e s c r i b e d  i n  t h i s  r e p o r t  seeks a be t t e r  unde r -  
s tanding of  t h e  t u r b u l e n c e  s t r u c t u r e  i n  t h e  noise-producing region of a 
round j e t .  Measurements   o f   tu rbulence   in tens i t ies ,   spec t ra ,  and mean 
v e l o c i t y  p r o f i l e s  were made with a hot-wire anemometer i n  a 1-1/2-in. 
diameter  je t  a t  ambient temperature and w i t h  ambient  external  condi t ions.  
These measurements were made a t  a x i a l  p o s i t i o n s  c o r r e s p o n d i n g  t o  2 ,  4 ,  
and 8 o u t l e t  d i a m e t e r s  from t h e  ex i t ,  a t  j e t  Mach numbers of  0.3, 0.5, 
and 0.7, and w i t h  two d i f f e r e n t  i n i t i a l  l e v e l s  o f  t u r b u l e n c e  i n  t h e  core .  
To induce the  h i g h e r  l e v e l  of  core  turbulence ,  a sc reen  was p l aced  in  the  
je t  nozz le  jus t  ups t ream of  t h e  e x i t .  Time-delay c o r r e l a t i o n s  between 
t h e  ax ia l  ve loc i ty  f luc tua t ions  measu red  a t  po in t s  s epa ra t ed  long i tud ina l ly  
were ca r r i ed  ou t  w i th  t h e  upstream wire l o c a t e d  a t  t h e  ax ia l  pos i t i on  
s t a t e d  above.  The s i g n a l s  were co r re l a t ed  in  seve ra l  f r equency  bands a s  
w e l l  as over t h e  complete signal band, These measurements were used t o  
c a l c u l a t e  t h e  convection speed and gene ra l  decay  cha rac t e r i s t i c s  o f  d i f -  
f e r e n t  eddy s i z e s .  The r e s u l t s  o f  these experiments are t o  be used  to  
i n t e r p r e t  known c h a r a c t e r i s t i c s  o f  n o i s e  o u t s i d e  t h e  j e t  as measured b y  
o t h e r  i n v e s t i g a t o r s  and t o  g a i n  a b e t t e r  t h e o r e t i c a l  u n d e r s t a n d i n g  o f  the  
noise production mechanisms. 
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I1 INSTRUNDENTATION 
The t e s t  s e t u p  u s e d  i s  shown schemat i ca l ly  in  F ig .  1. It is  essen- 
t i a l l y  a blow-down system and consists simply of a s e t t l i n g  chamber and 
two 500-gal,  200-psi a i r  supply  tanks.  The s e t t l i n g  chamber i s  60 i n .  
long and 8 i n .  i n  d i a m e t e r  and i s  f i t t e d  w i t h  a 1-1/2-in. alluminum nozz-le. 
The f u l l  l e n g t h  of t h e  chamber was taken up by an i n s t a l l a t i o n  of sc reens  
and f i b e r  g l a s s  t h a t  w a s  designed t o  i s o l a t e  t h e  n o z z l e  from valve and 
f eede r - l i ne   d i s tu rbances ,   bo th   acous t i c  and  aerodynamic. The screens 
cons i s t ed  of a se r i e s  r ang ing  from c o a r s e  t o  f i n e  mesh (4  to  100) .  A 
1- in .  l ayer  of f i b e r  g l a s s  was in s t a l l ed  a round  the  in s ide  pe r iphe ry  of 
t h e  s e t t l i n g  chamber. 
Hot Wire ADDaratUS and Rela ted  Ins t rumenta t ion  
Measurements of mean v e l o c i t y  and t u r b u l e n t  i n t e n s i t y  p r o f i l e s  were 
made us ing  a constant temperature hot-wire aneomometer system manufactured 
by Thermo-Systems Inc.  A block  diagram  of  the  total  anemometer i n s t r u -  
mentation is  shown i n  Fig.  2. The hot-wire probes consisted of 0.2-mil 
diameter  tungsten wire, 3/32 i n .  l ong ,  mounted  on need le  t i p s .  The needles ,  
1/2 in .  long,  were secured by  a  5-1/4 X 1/4-in.  heavy wal l  s ta inless  steel 
tube. The probe  uni t s  were a t t a c h e d  t o  a vibration-dampened mount con- 
n e c t e d  t o  a heavy steel frame having micrometer screwslides for two- 
dimensional   posi t ioning  (see  Fig.  3). The probe  s igna ls  were f e d  i n t o  t h e  
anemometer 5: l  b r i d g e  a t  a n  o v e r h e a t  r a t i o  of 1.5.  The b r idge  ou tpu t  fo r  
t h e  mean vol tage  was then  f i l t e r ed  th rough  a direct  galvanometer equipped 
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with a v i s i co rde r .  For t h e  f l u c t u a t i n g  v o l t a g e  component, a s i g n a l  con- 
d i t i o n e r  was incorpora ted .  The s igna l  condi t ioner  provided  ga ins  of 1, 
10, or 100 w i t h  a band-pass f i l t e r  of 5 Hz t o  50 kHz. The output  of  the 
cond i t ione r  was f e d  i n t o  a two-s tage  opera t iona l  ampl i f ie r  cons is t ing  of 
a logar i thmic  ampl i f ie r  and an r m s  meter amplifier having a t ime constant  
of 1 sec .  The r e s u l t a n t  s i g n a l  was then  recorded on t h e   v i s i c o r d e r .  The 
s igna l s  a r e  0 .1% accura t e  wi th  a frequency response of approximately 
100 kHz and  an i n h e r e n t  n o i s e  l e v e l  of 0.02% i n  a 10-Hz bandwidth, In 
p r i n c i p l e ,  a constant  temperature  anemometer instantaneously measures  
f lu id  f low parameters  by sens ing  the h e a t  t r a n s f e r  r a t e  ( h e a t  f l u x )  be- 
tween a n  e l e c t r i c a l l y  h e a t e d  s e n s o r  and the flow medium. The bas i c  s igna l  
depends on the  f lu id  compos i t ion ,  mass flow, and tempera ture  d i f fe rence .  
For many measurements density i s  constant and the instrument measures 
ve loc i ty .  When t h e  j e t  temperature   var ies ,   compensat ion  in   the mean 
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opera t ing  cond i t ions  is  required,  otherwise a 6% e r r o r  r e s u l t s  f o r  e a c h  
2OoC change i n  temperature.  
Hot-wire s e n s i t i v i t v  
Because of t h e  n e c e s s i t y  of us ing  a blow-down system t o  p r o v i d e  t h e  
mass f l o w  f o r  t h e  j e t ,  t h e  j e t  temperature i s  lower than that  of t h e  
surroundings,  and both veloci ty  and tempera ture  f luc tua t ions  are present  
i n  t h e  mixing region of t he  j e t .  Constant-current operation of a h o t  
wire w i l l  l e a d  t o  s e n s i t i v i t y  t o  b o t h  f l u c t u a t i o n  modes, whereas constant- 
temperature   operat ion i s  s e n s i t i v e  o n l y  t o  v e l o c i t y  f l u c t u a t i o n s .  T h i s  
behavior can be demonstrated by  fol lowing t h e  arguments of Hinze. 26 
The basic  equat ion descr ibing hot-wire  response i s  
For a l i n e a r  r e l a t i o n s h i p  between thermal conductivity and temperature,  
t h e  f a c t o r  A i s  given by 2 6  
Expanding Eq. (1) and us ing  Eq. (2) g ives  an equa t ion  fo r  t h e  f l u c t u a t i n g  
w i r e  r e s i s t a n c e  i n  t h e  c o n s t a n t - c u r r e n t  c a s e  o r  t h e  f l u c t u a t i n g  c u r r e n t  
in   the  constant- temperature   case.   In   the  former  case,   Hinze26  obtains  
9 
+ B f i V  - 
2u 
r 
W 
1 
where r t and u a r e  the f luc tua t ions   o f  Rw, T and U. w’ g’ g’ 
A similar expression can be o b t a i n e d  i n  the constant- temperature  
case,  although  Hinze  does  not  give a d e r i v a t i o n  f o r  i t .  The r e s u l t  i s  
21R A a  
W 0 1  i =  t + B f l  - U - 
R - R  2 ( a + a T )  g 1 0  2u 
- 
W g 
Comparing t h e  t e m p e r a t u r e  f l u c t u a t i o n  s e n s i t i v i t y  terms i n  Eqs. (3) and 
(4 ) ,  one can  see a common term and  an a d d i t i o n a l  term i n  the constant-  
cu r ren t   ca se .  As Hinze  points   out ,  t h e  s u b s t i t u t i o n  of reasonable  
numer ica l  va lues  for  the quan t i t i e s  i nvo lved  shows t h a t  t he  common co- 
e f f i c i e n t  is  n e g l i g i b l e  i n  comparison t o  the o t h e r  terms. Thus, t h e  
constant-temperature approach i s  p e r f e c t  f o r  t he  measurement  of v e l o c i t y  
f l u c t u a t i o n s ,  which i s  d e s i r e d  i n  t h e  p r e s e n t  c a s e ,  b u t  i t  cannot be 
used  fo r  t he  measurement of temperature fluctuations.  
26 
Data Handling and Hot-wire C a l i b r a t i o n  
Veloci ty  cal ibrat ion and temperature  compensat ion were c a r r i e d  o u t  
i n  t h e  fol lowing manner. The method a l l o w s  f o r  c h a n g e s  i n  f l u i d  
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t empera ture  wi thout  the  use  of  a temperature-compensated probe, (which 
is u s u a l l y  of slow response).  
The hot-wire voltage E and t h e  jet  temperature T are recorded on 
magnetic tape or on a v i s i c o r d e r  a t  a constant-nozzle  Mach number f o r  
an extended run. The Mach number is determined by a s imul t aneous  p i to t  
tube measurement, making use of the following derived equation 
= abso lu te   s t agna t ion   p re s s  
P1 = barometr ic   pressure 
y = s p e c i f i c   h e a t   r a t i o  of a i r  
The tempera ture  decreases  as  a result  of emptying t h e  tank.  Corre- 
sponding values of E and T were read  a t  t he  same time i n s t a n t  and p lo t -  
t e d  i n  t h e  form E vs. T.  T h i s  procedure was followed  for  each  constant-  
nozzle  Mach number M so tha t  l i nes  cou ld  be drawn through the points of 
cons tan t  Mach number a s  shown in  F ig .  4. Vert ica l   cons tan t - tempera ture  
l i n e s  were  then  drawn on the  c u r v e .  Values of E were taken from the 
i n t e r s e c t i o n s  o f  t h e  cons tan t  T and cons tan t  M l i nes .  These  va lues  a re  
p l o t t e d  a s  l o g  E v s .  l o g  M for  cons tan t  T a s  shown i n  F i g ,  5. T h i s  p l o t  
is a power func t ion  of the fol lowing form: 
l o g  E = l og  Eo + B l o g  M 
11 
6.0 
or 
E = Eo# (7) 
where Eo i s  t h e  i n t e r c e p t  a t  M = 1.0 and B i s  t h e  s l o p e  of t h e  l i n e  i n  
the log- log  p lo t .  
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Now so lv ing  for M i n  Eq. ( 7 )  w e  get: 
M = ($ 
where B = f (TI and Eo = g ( ~ ) .  
The func t ions  f ( T )  and g(T) were found by the  bes t  cu rve  f i t  f o r  
p l o t s  of B v s .  T and Eo vs .  T ,  r e spec t ive ly .   Subs t i t u t ing   t hese   r e l a -  
t i o n s h i p s  i n t o  Eq .  (8) gives  the  fol lowing:  
But  the  Mach number i s  a l s o  
M = -  U 
a 
where u i s  t h e  l o c a l  v e l o c i t y  and a i s  the   l oca l   ve loc i ty   o f  sound a t  
temperature T. Solving Eq .  (10) f o r  t h e  l o c a l  v e l o c i t y  u g ives  
u = Ma 
The v e l o c i t y  o f  sound i s  given by 
a = JgoYRT 
I- - 
l b  - sec 
For T i n  O K  
a = 65.75 JT(OK) 
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Now subs t i tu t ing  Eqs .  (9) and (13) i n t o  Eq. (11) w e  f i n a l l y  a r r i v e  a t  t h e  
r e l a t ionsh ips  desc r ibed  in  the  fo l lowing :  
The l o c a l  j e t  v e l o c i t y  i s :  
To ca l cu la t e  t he  loca l  t u rbu len t  i n t ens i ty ,  t he  fo l lowing  fo rmula  is  used 
E" 
where v a l u e s   f o r  and E a re   t aken   s imul taneous ly   for   loca l   condi -  
t i o n s  a t  a l oca l  f l u id  t empera tu re .  
Q i s  t h e  o r d i n a t e  i n t e r c e p t  a t  M = 0 (or very small  M) on  an E v s .  
M p l o t .  For very  small  M ,  Eq. (7) is now: 
Q 
Q 
This  value is  now u s e d  i n  Eq. (15) t o  g i v e  t u r b u l e n t  i n t e n s i t y .  
The Eqs. (16) and (17) with  the  appropr ia te  empir ica l  var iab les  were 
inco rpora t ed   i n to  a small  Tymshare  computer  program,  Fig. 6. The  data  
i n p u t  c o n s i s t s  o f  t h e  l o c a l  j e t  temperature  T,  the probe mean vo l t age  E ,  
and the  a s soc ia t ed  rms value R o f  t h e  f l u c t u a t i n g  component.  Figure 7 
i l l u s t r a t e s  a t y p i c a l  Tymshare output .  
Three  types  of  turbulence data were o b t a i n e d :  t u r b u l e n t  i n t e n s i t i e s ,  
space   co r re l a t ions ,  and  frequency  spectra.   In a l l  c a s e s ,   t h e s e  were 
15 
5 PRINT  " JET  NBISE  PRBJECT  #8319"  
10 D I M  V<40)rI<40)rM(40)rA<40)rT<40)rY(40) 
20 READ X D M D Z D D S S D Y ~  
30 PRINT "TEST N O .  ''3 S 
35 LET X I  = X / 1 * 5  
40 PRINT "AXIAL DI ST. FRBM NBZZLE X / D = " I X l  
60 I F  Z = 1 0  THEN 70 
65  P R I N T  " H I G H  NBZZLE TURBULANCE" 
66 GB T0 80 
70 P R I N T  "LBW NBZZLE TURBULANCE" 
80  P R I N T  "Y/D"D"V/VMA"*D"I*V~VMAX"~"VEL~<FT/SEC~"D"TURBOINT~" 
8 5  LET Y O  = 1 . 5 E - 1 0  
50  PRINT "MACH NB.  AT NQZZLE z ' ~ S M  
9 0  FQR K = ITQD 
1 0 0  READ E D T I B R  
1 0 5   L E T  T = T 1 + 2 7 3 * 1 8  
1 0 6   L E T  P =<2.832E-2)+<40548O48-4)*T 
1 0 7   L E T   f ! K ) = T  
1 1 0   L E T  B = l / P  
1 2 0   L E T  EO =9 398 49-C 1 309 1 6 E - 2 )   * T  
1 3 0   L E T  V < K )  = 6 5 . 7 5 * < S Q R < T ) ) * < E / E O ) t B  
1 3 1   L E T   M C K ) = < E / E O ) t B  
1 3 3  LET A < K ) = V < K ) / M C K )  
1 3 5  LET Q =EO*< 1 E - 0 3 )  *P 
1 4 0   L E T  I < K )  = < 4 / < 1 - < Q t 2 / E t 2 ) ) ) * < R / E )  
1 5 0   L E T  Y = Y O / 1 * 5  
1 5 5  L E T  Y O  = Y O + Y  1 
1 5 6  LET Y < K )  = Y  
1 6 0   L E T  V1 = V < K ) / V ( l )  
170 LET L = I < K ) * V l  
1 9 0  NEXT K 
200 PRI NT "Y I D " ,  "MACH", "VEL. S0UND"r "TEMP. DEG. K"  
2 1 0  FQR J = l T O D  
220 P R I N T  Y < J ) D M < J ) D A C J ) D T < J )  
230 NEXT J 
235 END 
1 8 0   P R I N T   Y D V l r L I V < K ) , I < K )  
FIGURE 6 TYMSHARE COMPUTER  PROGRAM 
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In  addi ti on 
t o  t h e s e  d a t a ,  t h e r e  were t h e  u s u a l  aerodynamic measurements necessary 
to  de t e rmine  f low ve loc i t i e s ,  dens i ty ,  t empera tu re ,  and barometric  pres- 
sure .  
Figure 8 ind ica tes  the  f low reg ions  inves t iga ted  in  the  present  
tes ts .  Flow from a j e t  can  be  d iv ided  in to  the  three  reg ions  denoted  
i n  t h e  f i g u r e  by A ,  B ,  and C. Region A extends from t h e  n o z z l e  e x i t  t o  
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5 t o  6 diameters  downstream  of the  nozz le  and c o n t a i n s  t h e  p o t e n t i a l  
co re ,  or unmixed f l u i d ,  and a surrounding turbulent  annulus ,  which i s  
cha rac t e r i zed  by h igh  turbulence  leve ls  and l a r g e  s h e a r  f o r c e s .  I n  re- 
gion B ,  which extends from t h e  p o t e n t i a l  c o r e  t o  a b o u t  1 0  t o  1 5  diameters 
from t h e  n o z z l e ,  t h e  e n t i r e  c r o s s  s e c t i o n  i s  cha rac t e r i zed  by in t ense  
turbulence.  However, the   f low i s  no t  ye t  fu l ly  deve loped  in  r eg ion  B ;  
t h i s  s t a t e  o c c u r s  a t  p o i n t s  downstream  of t h i s  t r a n s i t i o n  r e g i o n ,  i . e . ,  
i n  r e g i o n  C. 
The t e s t s  d i s c u s s e d  h e r e i n  were l i m i t e d  t o  r e g i o n s  A and B ,  s i nce  
these  r eg ions  a re  o f  g rea t e s t  s ign i f i cance  in  no i se  gene ra t ion  by a tu r -  
bul   ent  j e t .  
Analog-to-Digital (A-D) Conversion of F luc tua t ing  Data  
A block diagram of the instrumentat ion used for t h e  A-D conversion 
i s  i l l u s t r a t e d  i n  F i g .  9 .  The  anemometer ana log  da ta  s igna l s  were t ape  
r eco rded  a t  60 inches per second (dc to 20 kHz range) and were played back 
on the same machine ( a l l  d a t a  were recorded ,using the same record ing  lead) ,  
Precis ion Instruments  Model 207, a t  a 4: l  speed reduct ion of  15 inches 
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per  second (dc to  5 kHz range ) .  Th i s  r a t e  was n e c e s s a r y  i n  o r d e r  t o  b e  
w i t h i n  t h e  s a m p l i n g  r a t e  l i m i t a t i o n s  o f  t h e  S c i e n t i f i c  D a t a  S y s t e m s  (SDS) 
12-channel (multiplexed) A-D conver te r  and t o  b e  w i t h i n  t h e  s t o r a g e -  
h a n d l i n g  c a p a b i l i t i e s  o f  t h e  SDS 930 computer.  The two tape  recorder  
ou tputs  cor responding  to  hot -wire  probes  A and B were each  f ed  in to  a 
Krohnhite model 310-ABR 24-db/octave band-pass f i l t e r  p a s s i n g  5 Hz t o  
5 kHz t o  e l i m i n a t e  any dc signal and prevent any possible  fold-over  of 
h igher  f requencies  in  the  convers ion .  The f i l t e r e d  s i g n a l s  were then  fed 
through a dua l  p rec i s ion  a t t enua to r ,  be fo re  be ing  sen t  i n to  the  conve r t e r ,  
t o  a d j u s t  f o r  optimum s igna l  leve ls  wi thout  the  occurrence  of  any l i m i t i n g  
The A-D c o n v e r t e r ,  f o r  a l l  p r a c t i c a l  p u r p o s e s  ( i . e . ,  t o  w i th in  25  psec) 
sampled each signal simultaneously using a high-speed multiplexed sampling 
r a t e  o f  10 kHz a t  2 samples  per 5-kHz frequency limit. The sampl ing  ra te  
was determined by t h e  10-kHz t iming  s igna ls  from t h e  t a p e  by use of a 
Schmi t t  t r i gge r  pu l se  gene ra to r  which i n  t u r n  d r o v e  t h e  c o n v e r t e r  u n i t .  
This  method compensated for any tape  speed  var ia t ions  and allowed a very 
accu ra t e  spec t r a l  ana lys i s  o f  t he  da t a .  
The SDS 930 computer was programmed f o r  t h e  A-D convers ion  to  take  
2048 samples  per  computer  record. Each record  cons is ted  of 1024  samples 
from each probe channel. Ten sec of  da ta  (2-1/2 sec r e a l  time da ta  be- 
cause of  the 4: l  tape speed reduct ion)  was u s u a l l y  t a k e n  p e r  j e t  n o i s e  
test which  comprised  100  computer  records. The A-D conversion program 
c a l l e d  f o r  c o n t i n u o u s  s t o r a g e  u s i n g  a l t e r n a t i n g  b u f f e r s ,  which allowed 
continuous recording of d i g i t a l  d a t a  on t ape  a t  a b i t  d e n s i t y  of 800 per  
inch.  The no-gapping-on-tape  between  records  allowed  very  accurate time 
c o r r e l a t i o n  s t u d i e s  o f  a l l  f r e q u e n c i e s .  The d i g i t i z e d  d a t a  were then 
ready to  be run through the comprehensive time c o r r e l a t i o n  and spectrum 
analysis computer program, which i s  desc r ibed  in  the  nex t  s ec t ion  o f  t h i s  
r e p o r t .  
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Digi ta l  Data  Analys is  
The da ta  ana lys i s  computa t ions  were performed on a CDC 6400 computer, 
us ing  a s p e c t r a l  a n a l y s i s  program developed by Single ton  and Poulter'" 
for  s ingle-channel  data ,  but  extended to  two-channel  data .  
Data segments of duration 102.4 msec (4096 sample values/channel) 
were used i n  t h e  a n a l y s i s .  The d a t a  were read  in to  the  computer ,  and 
t h e  two i n p u t  s i g n a l s  were then  p lo t t ed  a s  a visual  check on the A-D 
conversion  process.  A l l  p l o t s  were made on l i n e ,  u s i n g  a CDC 280 micro- 
f i l m  p l o t t e r .  The d a t a  on  each  channel were then  mul t ip l ied  by t h e  d a t a  
window funct ion  
s in2(v j /N)   for  j = 0,1,. . . N-1 
to  reduce  in te rac t ion  of  spec t ra l  es t imates .  
The windowed d a t a  were then transformed to the frequency domain, 
us ing  a f a s t  Four i e r  t r ans fo rm subrou t ine ,  and the auto-  and cross -spec t ra  
computed,  These r e s u l t s  were then t ransformed back to  the t ime domain 
t o   y i e l d   t h e   a u t o -  and c ross -co r re l a t ion   func t ions .   Fo r   t he   au tocor re l a -  
t i o n  f u n c t i o n s ,  t h e  l a g s  c o r r e s p o n d i n g  t o  t h e  f i r s t  z e r o  c r o s s i n g s  were 
i n t e r p o l a t e d  and l i s t e d  on the  p lo t s .  Fo r  the  c ros s -co r re l a t ion  func -  
t i o n s ,  a search  was  made f o r  t h e  l a r g e s t  p e a k ,  and the  ( th ree -po in t )  
in te rpola ted  va lue  and cor responding  lag  were l i s t e d  i n  t h e  p l o t .  
The r e s u l t s  were then t ransformed back to  the frequency domain,  and 
an  addi t iona l  s tep  in t roduced  to  reduce  core  s torage  requi rements  for  
i n t e r m e d i a t e  r e s u l t s .  The auto- and cross -spec t ra  were s c a l e d  f o r  u n i t y  
power in  each channel ,  then smoothed t o  g a i n  s t a t i s t i c a l  s t a b i l i t y - - o n c e  
wi th  three-poin t  t r iangular  smooth ing ,  then  twice with 15-point tr iangu- 
l a r  smoothing. The cor responding  cor re la t ion  window i s  
21 
The r e s u l t s  for t h e  two c h a n n e l s  were t h e n  p l o t t e d  u s i n g  a l o g - l o g  s c a l e  
(db v s .  o c t a v e ) .  
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I11 JET CHARACTERIZATION 
To d e t e r m i n e  t h e  e f f e c t i v e n e s s  o f  t h e  s - e t t l i n g  chamber a n d  a c o u s t i c  
t r e a t m e n t  i n  s u p p r e s s i n g  n o i s e  f r o m  t h e  f l o w  c o n t r o l  v a l v e s ,  m e a s u r e m e n t s  
of the  t u r b u l e n c e  l e v e l  ( F i g .  10) and t h e  t u r b u l e n c e   s p e c t r u m   ( F i g .  11) 
i n  t h e  j e t  a t  t h e  n o z z l e  e x h a u s t  were made. 
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FIGURE 11 SPECTRUM ANALYSIS  AT X = 0.125 inch FOR VARIOUS  RADIAL POSITIONS 
A f u l l  c h a r a c t e r i z a t i o n  o f  t h e  j e t  was then undertaken to determine 
t h e  o v e r a l l  j e t  c h a r a c t e r i s t i c s  and  check f o r  any  anomalous  flows.  Tur- 
bu len t  and mean v e l o c i t y  components were measured across the j e t  a t  longi- 
t u d i n a l  p o s i t i o n s  c o r r e s p o n d i n g  t o  2 ,  4 ,  and 8 out le t  d iameters  f rom the  
e x i t ,  a t  j e t  Mach numbers of 0.3,  0 . 5 ,  0.7. 
When the  turbulen t  spec t rum a n a l y s i s  o f  t he  j e t  was performed, i t  
was ev iden t  t ha t  s eve ra l  anomal i e s  were present  a t  6 . 5 ,  13, and  23 kHz. 
F igure  12  shows t h e  e f f e c t s  o f  an a t tempt  to  prevent  the  main  2-in.  flow 
valve from f r o s t i n g  u p  as a r e s u l t  o f  d i f f e r e n t i a l  p r e s s u r e  d r o p .  H e a t i n g  
t ape  was used  to  hea t  t he  va lve ,  and the  resu l tan t  downst ream dis turbance  
was evidenced by an increase  of  the  h igh  f requency  turbulence  component. 
When t h e   h e a t i n g  was d iscont inued ,   the  anomalous  peaks  disappeared. I t  
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FIGURE 12 COMPARTIVE SPECTRUM ANALYSIS FOR HOT - VERSUS  COLD-FLOW VALVE 
was a l so  found tha t  h i g h  frequency peaks occurred approximately 20 sec 
i n t o  a test (F ig .  13) and t h a t  30 sec was r e q u i r e d  i n  o r d e r  t o  e s t a b l i s h  
u n d i s t u r b e d   f l o w .   I n i t i a l   t u r b u l e n t   i n t e n s i t y   p r o f i l e s   a r e  shown i n  
F igs .  14, 15, and  16. A t  the   h igh  Mach numbers,  an  excessive amount of  
turbulence was d e t e c t e d  j u s t  w i t h i n  t h e  j e t  core boundary a t  a Y/D of 
0 . 2 ,  (X/D = 2 ) .  I n t e n s i v e  i n v e s t i g a t i o n  r e v e a l e d  t h a t  two f a c t o r s  were 
involved in  producing the anomalies .  The f i r s t  was d i f f u s e r  s t a l l .  
The o r i g i a n l  d i f f u s e r  was used t o  expand a i r  from a 2-in.  supply pipe 
i n t o  a 6- in .   se t t ing  chamber .  A 10' semiangle  cone w i t h  s p l i t t e r  p l a t e s  
was used  fo r  t he  d i f fuse r .  The  f l o w  from t h e  d i f f u s e r  was i r r e g u l a r  and 
measurements a t  t h e  downstream side of t h e  l a s t  s c r e e n  i n  the  s e t t l i n g  
chamber j u s t  b e f o r e  t h e  en t r ance  to  the  j e t  nozzle  showed t h a t  these 
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d i s tu rbances  were n o t  e n t i r e l y  removed by the  acous t ica l ly  t rea ted  chamber .  
Thus, a  new d i f f u s e r  w i t h  a 4' half-angle  was i n s t a l l e d  and t h e  r e s u l t s  
are i l l u s t r a t e d  i n  F i g .  17. Notice t h a t  e v e n  w i t h  t h e  4' d i f f u s e r  t h e r e  
was evidence of  a s imilar  d is turbance ,  a l though of  a lesser magnitude. 
This  d i s turbance  was found to  be induced by the thermocouple placed below 
and s l i g h t l y  downstream of the hot-wire probe, The removal of the  the r -  
mocouple r e s u l t e d  f i n a l l y  i n  t h e  anomally-free turbulent  intensi ty  pro-  
f i l e  shown i n  F i g .  17. 
T y p i c a l  r e s u l t s  f o r  t h e  t u r b u l e n t  i n t e n s i t y  p r o f i l e  a t  X/D = 2 are  
shown i n  F i g .  18. T h e  r e s u l t s  o b t a i n e d  a t  X/D = 4 and 8 show a broadening 
of the peak as X/D increases ,  cor responding  to  t h e  broadening of t h e  mixing 
region and  an i n c r e a s e  i n  ' n t e n s i t y  i n  the  core  reg ion  as  i t s  end i s  ap- 
proached. A compos i t e  p lo t  o f  ve loc i ty  p ro f i l e  and t u r b u l e n t  i n t e n s i t y  
i l l u s t r a t e d  i n  F i g .  18 shows t h a t  t h e  maximum t u r b u l e n t  i n t e n s i t y  is ob- 
served a t  a r a d i a l  p o s i t i o n  t h a t  c o r r e s p o n d s  t o  t h e  n o z z l e  l i p  a t  Y/D = 0 . 5 .  
Mean V e l o c i t v  P r o f i l e s  
T y p i c a l  r e s u l t s  f o r  t h e  mean v e l o c i t y  p r o f i l e  s h a p e  a r e  shown i n  
F i g s .  19 through 24, where X is  t h e  l o n g i t u d i n a l  c o o r d i n a t e ,  Y i s  t h e  
l a t e r a l  c o o r d i n a t e ,  and D i s  t h e  diameter o f  t h e  j e t .  Three  axial   posi-  
t i o n s  were s t u d i e d  i n  e a c h  case: one, X/D = 2, i n  t h e  r e g i o n  where t h e  
co re  has a s izable  width; one,  X/D = 4, near  the  end  of  t h e  co re  r eg ion ;  
and one, X/D = 8, near  the  fu l ly  deve loped  f low reg ion .  I t  can be seen  
t h a t  f o r  a l l  t h e  p r o f i l e s ,  U/Uo 0.5 a t  Y/D = 0 . 5 ;  i . e . ,  on a s t r a i g h t  
l i n e  drawn  downstream  from t h e  l i p  o f  t h e  nozzle.  This behavior implies 
t h a t  t h e  mixing region i s  symmetric a s  i t  grows both into t h e  c o r e  and 
i n t o  t h e  surrounding  ambient   a i r .  The ve loc i ty  p ro f i l e s  fo r  compar i son  
a t  t h e  var ious Mach numbers 0.3, 0.5,  and 0.7 shown i n  F i g .  25 i n d i c a t e  
f a i r ly  un i fo rm e x i t  v e l o c i t i e s  and  show t h a t  t h e  decreases i n  t h e  stream- 
wise d i r e c t i o n  are about t h e  same i n  each case, Two d i f f e r e n t  i n i t i a l  
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FIGURE 19 JET VELOCITY  PROFILES  FOR M = 0.32 AT VARIOUS X/D 
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FIGURE 20 JET VELOCITY  PROFlLES FOR M = 0.51 AT  VARIOUS X/D 
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FIGURE 21 JET VELOCITY  PROFILES FOR M = 0.68 AT  VARIOUS  X/D 
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FIGURE 22 JET VELOCITY  PROFILES FOR M = 0.32 AT VARIOUS X/D 
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FIGURE 23 JET VELOCITY  PROFILES  FOR M = 0.51 AT VARIOUS X/D 
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FIGURE 24 JET  VELOCITY PROFILES FOR M = 0.68 AT VARIOUS X/D 
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l eve ls  of  nozz le  turbulence  were inves t iga t ed ,  The h i g h e r  l e v e l  o f  
turbulence was induced by a 0.25-in. mesh X 0.05-in.diameter wire sc reen  
across  and 0.5 i n .  i n s i d e  t h e  n o z z l e  e x i t .  T h e  e f f e c t s  are shown i n  
Figs.   26,   27,  and  28. I t  i s  e v i d e n t  t h a t  a t  t h e  h i g h e r  t u r b u l e n c e  l e v e l  
t h e r e  is a broadening  of  the  poten t ia l  core ,  as can be seen i n  F ig .  26. 
The e f f ec t s  o f  h ighe r  nozz le  tu rbu lence  on  the  ove ra l l  j e t  turbulence 
are no t i ced  on ly  a t  t h e  h i g h e r  Mach number as i l l u s t r a t e d  by Figs.  27 
and 28, and  most  no tab ly  in  the  cent ra l  core  reg ion  (Y/D = 0 ) .  
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I V  DISCUSSION 
The exper iments  presented  in  the  prev ious  sec t ion ,  once  sources  of 
anomalous tu rbu lence  s igna l s  were diagnosed and co r rec t ed ,  were p r imar i ly  
aimed a t  a thorough charac te r iza t ion  of t h e  o v e r a l l  j e t  s t r u c t u r e ,  b o t h  
with and without   high  levels   of   core   turbulence.  I t  is be l i eved  tha t  
g r e a t  c a r e  must be e x e r c i s e d  t o  c h a r a c t e r i z e  a j e t  i n   t h i s  manner be fo re  
making measurements more d i r e c t l y  r e l a t e d  ‘to no i se  p roduc t ion ,  s ince  the  
results of such measurements a r e  l i k e l y  t o  b e  q u i t e  s e n s i t i v e  t o  any 
anomalous j e t  t u rbu lence  caused  by upstream dis turbances,  resonances,  e tc .  
For example,  from  Fig. 17 i t  i s  qu i t e  c l ea r  t ha t  bo th  the  magn i tude  and 
r a d i a l  d i s t r i b u t i o n  of t h e  t u r b u l e n t  i n t e n s i t y  c a n  b e  a l t e r e d  d r a s t i c a l l y  
by the  presence  of such disturbances.  Once the  j e t  was well charac te r ized  
and f r e e  from  such  anomalous e f f ec t s ,  t hen  measurements  of t h e  d e t a i l e d  
s t r u c t u r e  of the noise-producing region of t he  j e t  turbulence (convect ion 
v e l o c i t i e s ,  s p e c t r a ,  e t c .  ) were car r ied  out .  
L i t t l e  d i f f e r e n c e  a p p a r e n t l y  e x i s t s  between t h e  mean v e l o c i t y  
p r o f i l e s  of  a j e t  with high and low core  turbulence  leve ls ,  as  can  be  
seen by a comparison  of  Figs. 19, 20, and 21 with  Figs. 22, 23, and 24. 
The small  difference between high and low co re  tu rbu lence  in  the  j e t  
is shown i n  F i g .  26. A t  t he  h ighe r  Mach numbers, i n  p a r t i c u l a r ,  ( w h e r e  
the  co re  tu rbu lence  i s  r e l a t i v e l y  h i g h e r ,  see Fig. 26), t h e  mean ve loc i ty  
p r o f i l e  is more squared a t  t h e  boundary between the core region and t h e  
tu rbu len t   shea r   l aye r .   Fu r the r   i nves t iga t ions   a r e   r equ i r ed   t o   de t e rmine  
t h e  i n f l u e n c e  of co re  tu rbu lence  upon t h e  d e t a i l e d  s t r u c t u r e  of t h e  
tu rbu len t   shea r   l aye r .  However, i t  is r e a s o n a b l y   c e r t a i n   t h a t   t h e  
i n t e r m i t t e n c y  a t  t h e  c o r e  side of t h e  s h e a r  l a y e r  is changed by h igher  
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core tu rbu lence  l eve l s ,  s ince  the re  is a n o t i c e a b l e  e f f e c t  on the  mean 
v e l o c i t y  p r o f i l e  a t  t h i s  l o c a t i o n .  
Measurements  using two hot-wire probes, from which spectra, auto- 
c o r r e l a t i o n s  and c r o s s  c o r r e l a t i o n s  ( u s e d  t o  compute convec t ion  ve loc i t i e s )  
were computed, were c a r r i e d  o u t  f o r  low co re  tu rbu lence  l eve l s  on ly .  
Now t h a t  t h e  j e t  is f r e e  from  anomalous behavior ,  and t h e  A-D conversion 
and d i g i t a l  a n a l y s i s  computer programs have been written, however, 
further measurements under a wider v a r i e t y  of condi t ions  a re  p lanned  
t o  a s s e s s  more c a r e f u l l y  t h e  i n f l u e n c e  of core  turbulence  upon t h e  
noise-producing region of t he  tu rbu len t  je t .  
General Results of D ig i t a l  Ana lys i s  
The s i g n a l s  from each of t h e  two hot  wires  used to  make a x i a l  s p a t i a l  
c o r r e l a t i o n s  were  analyzed  in  segments of 102.4-msec du ra t ion .  The s i g -  
na ls ,  recorded  s imul taneous ly  on a t ape  r eco rde r ,  were  sampled d i g i t a l l y  
every 25 Vsec, f o r  a t o t a l  of 4096 sample values per channel.  After the 
da t a  were read  in to  the  computer ,  the  input  s igna ls  were  p lo t ted  us ing  the  
CDC 280 mic ro f i lm  p lo t t e r .  An example of t h e  i n p u t  d a t a  i s  shown i n  
Fig. 29. Channel A i s  the  upstream wire of t h e   p a i r .  The v e r t i c a l  
s c a l e  is an a rb i t ra ry  b inary  sca le  chosen  for  convenience .  A rough 
c a l i b r a t i o n  was made, however, by analyzing a  1-kHz, 1-V rms s i g n a l ,  
which i n d i c a t e s  t h a t  e a c h  u n i t  on the  ve r t i ca l  co r re sponds  to  approx i -  
mately 22 mV. A r i g o r o u s  c a l i b r a t i o n  was n o t  c a r r i e d  o u t  s i n c e  a b s o l u t e  
magnitudes do not  enter  the correlat ion measurements .  
A d ig i t a l  ana lys i s ,  desc r ibed  p rev ious ly ,  was used t o  compute t h e  
au tocor re l a t ion  func t ion  of each  channel. The ze ro  c ros s ing  of t h e  
au tocor re l a t ion  was computed  and p r in t ed  on the  top  of t h e  r e s u l t i n g  
p l o t .  An example  of  such a p l o t  is shown in   F ig .  30. This   curve 
r ep resen t s  t he  au tocor re l a t ion  of t he  ho t -wi re  s igna l  i n  the  f ixed  
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( laboratory)  f rame of re ference .  The curve has a s h a p e  s i m i l a r  t o  t h a t  
reported by o t h e r  i n v e s t i g a t o r s . ”  9 27 Deta i led  ana lys i s  of these  curves  
f o r  j e t  turbulence has  been reported by others1’, ” 9  27 and w i l l  no t  be  
repeated  here.  I t  i s  worth  noting,  however,   that   the  curve  shapes and 
z e r o  c r o s s i n g s  f o r  t h e  t w o  s i g n a l s  were i n  good agreement with each 
other,  indicating no discrepancy between the upstream and downstream 
wires. I t  was i n t e r e s t i n g ,  however, t h a t   t h e   a u t o c o r r e l a t i o n  of t h e  
s i g n a l  from t h e  downstream wire var ied  more smoothly for l a r g e  wire 
spac ing  ( a f t e r  t he  f ina l  ze ro  c ros s ing ) .  S ince  the  shedd ing  f r equency  
f o r  t h e  h o t  wire is on t h e  o r d e r  of 100 kHz, t h i s  s i g n a l  s h o u l d  d i e  
out  very  rap id ly  and i s  n o t  l i k e l y  t o  b e  t h e  c a u s e  of t h i s  smoothing 
e f f ec t .  O the r  t han  th i s ,  t he  two s igna l s  shou ld  be  iden t i ca l ,  so no 
reason for the smoothing of the downstream wire’s a u t o c o r r e l a t i o n  a t  
l a r g e  t i m e  de lay  is readi ly   apparent .  This  ques t ion  w i l l  be examined 
f u r t h e r  i n  l a t e r  work. 
A t y p i c a l  p l o t  of  power s p e c t r a l  d e n s i t y  ( P S D )  is p l o t t e d  i n  F i g .  31. 
The spectrum is s c a l e d  t o  u n i t y  power ( i . e . ,  un i ty  a rea  under  the  curve)  
and p l o t t e d  r e l a t i v e  t o  an octave frequency scale  in  which 11 octaves 
correspond t o  20 kc, 10 o c t a v e s  t o  10  kc,  etc. A s  w i l l  be shown, t h e  
s p e c t r a l  d a t a  a r e  i n t e r n a l l y  c o n s i s t e n t  and agree  wi th  observa t ions  of 
o t h e r  i n v e s t i g a t o r s  i n  s i m i l a r  j e t  flows. 
The  computed c ross -co r re l a t ion   func t ion  R between t h e   s i g n a l s  
11’ 
from t h e  two channels ,  was p lo t t ed  fo r  each  test. The ( th ree-poin t  ) 
i n t e r p o l a t i o n  of t h e  m a x i m u m  value of t he  c ros s -co r re l a t ion  and t h e  
corresponding t i m e  l a g  were listed a t  t h e  t o p  of t h e  p l o t .  The three-  
p o i n t  i n t e r p o l a t i o n  was made by t ak ing  the  maximum value and one point  
on e a c h  s i d e  of t h e  m a x i m u m ,  and f i t t i n g  t h e s e  t h r e e  p o i n t s  w i t h  a 
quadrat ic  curve.  The maximum value of t he  quadra t i c  and t h e  a s s o c i a t e d  
t i m e  l a g  a r e  t h e  v a l u e s  l i s t e d  on t h e  p l o t .  Examples  of  computed c ross -  
c o r r e l a t i o n s  a r e  shown in  F ig .  32 f o r  two values  of w i r e  spac ing ,  t o  
47 
TEST = 150 
0 
1 1 1 
FIGURE 31 POWER SPECTRAL  DENSITY  OF  SIGNAL  FROM  UPSTREAM  WIRE 
48 
00 
I -  
TEST = 153 MAX = 0 . ~ 1 1  L A C  = 0.225 
1 1 I 1 
1 1 I I 
30 0.12 0.24 0.36 0 . 4 0  
LAG IN HXLLISECONDS 
(a) WIRE SPACING = 118 in. 
FIGURE 32 CROSS-CORRELATION  FUNCTION R l l  VERSUS TIME  LAG 
49 
TEST 150 HAX = o .e70 
0 
“ I , I ,  - 
40.80 4.4U -0.36 -0.24  -0.12 I 
L R C  0.019 
1 1 1 7 
IO 0:12 0:24 0’.36 0’.40 
LAG I N  MILLISECONDS 
(b) WIRE SPACING = 1 in. 
60 
FIGURE 32 CROSS-CORRELATION  FUNCTION R I 1  VERSUS TIME  LAG (Concluded) 
50 
show how the peak values  decrease and the a s soc ia t ed  t i m e  l a g s  i n c r e a s e  
with increased wire spac ing .  In  add i t ion  to  cu rves  l ike those  shown 
in  F ig .  32, t h e  m a x i m u m  va lue  of t he  c ros s -co r re l a t ion  and f i v e  p o i n t s  
on e i t h e r  s i d e  of t h e  m a x i m u m ,  toge ther  wi th  the  cor responding  t i m e  l a g s ,  
were pr in ted  out  a long  wi th  the in t e rpo la t ed  va lues  for each test. 
These data  were used t o  p r e p a r e  p l o t s  of the  c ros s -co r re l a t ion  f rom which 
convec t ion  ve loc i t i e s  were computed fo r  each  set of measurements. These 
c o r r e l a t i o n s  w i l l  b e  d i s c u s s e d  i n  more d e t a i l   i n  a l a t e r  s e c t i o n  of t h e  
r epor t .  A l i s t i n g  of a l l  tests f o r  which a x i a l  v e l o c i t y  c o r r e l a t i o n s  
were made is g iven  in  Table  I. These tests were a l l  analyzed using 
d i g i t a l  s p e c t r a l  a n a l y s i s  of the s igna ls  f rom both  wires. The va lues  
of X/D correspond to  the p o s i t i o n  of the upstream wire in  each  case  and 
AX is t h e  wire spacing.  Both wires were k e p t  a t  the same r a d i a l  p o s i t i o n  
in  cor responding  series of tests. 
Turbu-lent . . Spec t r a  of t he  Axial   Veloci ty  Component 
Early  measurements  of mean v e l o c i t y ,  t u r b u l e n t  i n t e n s i t y ,  and s p a t i a l  
c o r r e l a t i o n s  i n  t he  tu rbu len t  shea r  r eg ion  ad jacen t  t o  t he  p o t e n t i a l  c o r e  
of a subsonic  j e t  were made by Liepmann and Lauf er. " These measurements 
were l a t e r  extended by Laurence'' t o  i n c l u d e  t u r b u l e n t  v e l o c i t y  s p e c t r a .  
Actually, most of Laurence's measurements were made i n  t h e  mixing region 
downstream of t h e  p o t e n t i a l  core, bu t  he does report  several  measurements 
i n  t h e  s h e a r  l a y e r  a d j a c e n t  t o  t h e  c o r e .  More recent ly ,  Davies ,  F isher ,  
and Bar ra t t2 '  r epor t ed  spec t r a l  measu remen t s  i n  the  shea r  r eg ion  of a 
1-in. diameter je t .  T h e i r  r e s u l t s  i n d i c a t e  t h a t  the s p e c t r a  a t  X/D = 1.5 
do  not  change  s igni f icant ly  w i t h  r a d i a l  p o s i t i o n  and tha t  a t  an a x i a l  
p o s i t i o n  of X/D = 4.5 there is a s y s t e m a t i c  s h i f t  of energy t o  lower 
frequency w i t h  i nc reas ing  r ad ius .  They r eason  f rom th i s  t ha t  the con- 
vec t ion  ve loc i ty  of t h e  eddy p a t t e r n  v a r i e s  much less rap id ly  w i t h  r ad ius  
than  the  mean v e l o c i t y ,  a conclusion which they f u r t h e r  s u b s t a n t i a t e  
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Table I 
EXPERIMENTAL  CONDITIONS  FOR TESTS USED To 
MEASURF: CONVECTION WIDCITIES 
Test 
12 1 
122 
123 
124 
12 5 
126 
12 7 
128 
129 
130 
131 
132 
133 
134 
135 
137 
138 
139 
140 
141 
142 
143 
144 
145 
146 
147 
148 
149 
150 
151 
152 
153 
154 
Wire 
Spacing 
Ax 
( i n .  ) 
1/2 
1 
2 
3 
1/16 
1/ 8 
1/4 
1/2 
1 
2 
2 
1 
1/2 
1/ 4 
1/8 
1/16 
1/8 
1/4 
1/2 
1 
2 
1/ 16 
1/8 
1/ 4 
1/2 
1 
2 
1/16 
1/ 8 
1/ 4 
1/2 
1 
2 
~~ _______ 
A x i a l  
Posit ion 
Y/D 
1 
2 
1 
1 2 
1 2 
1 4
2 
2 
1 
Mach 
N u m b e r  
M 
0.32 
1 
1 
0.51 
1 
1 
1 
0.688 
0.51 
0.51 
0.51 
R a d  i a1 
Position 
X/D 
0.5 
1 
1 
0.5 
1 
1 
1 
0.5 
0.45 
0.6 
0.5 
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by direct  convect ion veloci ty  measurements .  (This  phenomenon is d i s -  
cussed a t  l e n g t h  l a te r  i n  t h i s  r e p o r t  u n d e r  t h e  s p a t i a l  c o r r e l a t i o n  
and convec t ive  ve loc i ty  top ics .  ) More r ecen t ly  still, Davies, KO, 
and B ~ s e " ~  r e p o r t  more complete spectra measured a t  v a r i o u s  r a d i a l  
p o s i t i o n s  f o r  X/D = 3 i n  a 1-in.  diameter jet. The i r  p r imary  in t e re s t  
was to  i n v e s t i g a t e  t h e  s h a r p l y  peaked s p e c t r a ,  which a re  obse rved  in  
the  co re  r eg ion  of the je t ,  and r e l a t e  t h e  S t r o u h a l  number of t h i s  
peak t o  coherent  pressure  f luc tua t ions  observed  across  the  j e t  i n  t h e  
core  region.  
S p e c t r a l  measurements were made a s  a p a r t  of t h i s  r e s e a r c h  program 
t o  conf i rm the  resu l t s  ob ta ined  by t h e  above i n v e s t i g a t o r s  and t o  
c h a r a c t e r i z e  t h e  j e t  t o  e n s u r e  t h a t  no anomalous spec t r a l  behav io r  was 
present .  The PSD of t h e  a x i a l  v e l o c i t y  f l u c t u a t i o n s  is p lo t t ed  a s  a 
func t ion  of dimensionless  wave number in  F ig .  33 t o  show the e f f e c t  
of r a d i a l  p o s i t i o n .  A s  noted by Davies e t  a l . ,  2o  t h e r e  is  a s l i g h t  
s h i f t  of energy t o  lower frequencies wi th  i n c r e a s i n g  r a d i a l  p o s i t i o n .  
The PSD i s  normalized to  uni ty  power in  each case,  and the dimensionless  
wave number K i s  def ined   as  
1 
N 
N 2nfD X 
K =  
1 l l O O M  D 
where f is  the frequency,  M is the  j e t  Mach number (1100 f t / s e c  is taken 
a s  t h e  r e f e r e n c e  sound speed) ,  D i s  t h e  j e t  d iameter ,  and X t h e  a x i a l  
p o s i t i o n .  The a x i a l  p o s i t i o n  is chosen  as  the  re levant  length  sca le  
s ince  the  wid th  of t he  tu rbu len t  shea r  r eg ion  and hence the macro- 
s c o p i c ,  o r  i n t e g r a l  l e n g t h  s c a l e ,  is p r o p o r t i o n a l  t o  the a x i a l  d i s t a n c e  
from the j e t  e x i t .  T h i s  p r o p o r t i o n a l i t y  was pointed out  by Laurence1* 
and i n  more d e t a i l  by Davies e t  a l . ,  who measured t h e  axial scale of 
t he   t u rbu lence  L and found t h a t  it can  be  xpressed  as 
x 1  ' 
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L = 0.13 X ( D   < X  6 D )  
XI 
or  
L = 0.52A ( 20) 
N 
x 1  
where A i s  the width of the shea r  l aye r  ad jacen t  t o  the je t  core. 
S p e c t r a  f o r  three Mach numbers and two a x i a l  d i s t a n c e s  a r e  shown 
in  F ig .  34. A t  t h e  a x i a l  p o s i t i o n s  X/D = 2, the s p e c t r a  f o r  a l l  three 
Mach numbers co r re spond  c lose ly  a t  h igh  f r equenc ie s .  There i s  r e l a t i v e l y  
more  low frequency energy, however, i n  the s p e c t r a  t a k e n  a t  the lower 
Mach numbers. I n  a d d i t i o n ,  the spec t rum for  X/D = 4 f a l l s  above a l l  
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t h e  s p e c t r a  a t  X/D = 2 ,  even a t  h igh  f r equenc ie s .  The l a c k  of coin- 
c i d e n c e  a t  h i g h  f r e q u e n c i e s  between t h e  s p e c t r a  t a k e n  a t  t h e  two 
d i f f e r e n t  a x i a l  p o s i t i o n s  is probably due to improper choice of the 
length  sca le  used  t o  nondimensional ize  the wave number. A more s u i t a b l e  
choice  would be  to  u s e  t h e  i n t e g r a l  l e n g t h  s c a l e  computed from the  
measured  corre1,tion. An a l t e r n a t e  and perhaps bet ter  procedure is 
t o  nondimens iona l ize  both  the  spec t ra  and wave number i n  a way similar 
t o  that  used by Wooldridge and Muzzy, 3 0  who analyzed the turbulent  
v e l o c i t y  s p e c t r a  i n  a boundary  layer  f low.  In  subsequent work, i t  is 
planned to nondimens iona l ize  proper ly  the  spec t ra  and wave number and 
compare the  h igh  f requency  spec t ra  wi th  the  theore t ica l  spec t rum der ived  
by Pao3' for homogeneous turbulence.  For t h e  p r e s e n t ,  however, t h e  u s e  
55 
of j e t  v e l o c i t y  and a x i a l  d i s t a n c e  t o  n o n d i m e n s i o n a l i z e  t he  wave number 
and the  no rma l i za t ion  of the s p e c t r a  t o  u n i t y  a r e  s u f f i c i e n t  t o  c h a r a c -  
t e r i z e   t h e  j e t  and make comparisons wi th  da t a  t aken  by o t h e r  i n v e s t i g a t o r s .  
The recen t  PSD measurements by Davies e t  a l .  29 i n  a 1-in. j e t  a r e  
compared w i t h  present  measurements  in  Fig.  35. Because  d i f f e ren t  
r e f e r e n c e  l e v e l s  were used i n  t h e  two measurements, the d a t a  were p l o t t e d  
so t h a t  the r e fe rence  dB l e v e l  of Davies' work  was changed t o  correspond 
t o  t h a t  of the p resen t  work.  Thus, t he  PSD was first p l o t t e d  f o r  e a c h  
experiment on separa te  graphs ,  and then the  two were s l i d  v e r t i c a l l y  
f o r  b e s t  f i t .  C l e a r l y ,  t he  shape of t h e  two spectra   correspond  very 
c l o s e l y ,  i n d i c a t i n g  good agreement  between t h e  two sets of  data.   (Note 
t h a t  t he  Mach numbers and a x i a l  p o s i t i o n s  d o  n o t  d i f f e r  g r e a t l y  i n  the 
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two cases  and the r a d i a l  p o s i t i o n s  a r e  e q u i v a l e n t ,  so t h a t  t h e  d i f f e r e n c e s  
due t o  r a d i a l  and a x i a l  p o s i t i o n ,  as ind ica t ed  in  F igs .  33 and 34, a r e  
not  apparent .  ) For further comparison and a s  a check on t h e  d i g i t a l  
da ta  ana lys i s ,  the  spec t rum was measured from the  hot -wire  s igna l  us ing  
a wave analyzer .  The resul t ing analog spectrum was normalized in the 
same way as  Davies’  data  t o  a r e fe rence  dB l e v e l  a d j u s t e d  f o r  b e s t  f i t .  
Convection Velocity Measurements 
Measurements of c o n v e c t i o n  v e l o c i t i e s  i n  t u r b u l e n t  jets have been 
reported by severa l  inves t iga tors .  Davies  e t  a l .  20929 reported  con- 
vect ion veloci ty  measurements  in  which the  ax ia l  convec t ion  ve loc i ty  
p ro f i l e ,  s canned  r ad ia l ly  ac ross  the j e t ,  is compared w i t h  t h e  mean 
a x i a l  v e l o c i t y  p r o f i l e .  They found t h a t ,  f o r  t he  r a d i a l  p o s i t i o n  
Y < D/2, the  convec t ion  ve loc i ty  U is less than the  mean a x i a l  v e l o c i t y  
U and ,  fo r  Y > D/2, U i s  g rea t e r  t han  U. Davies’  curve i s  shown i n  
Fig. 36. Bradshaw, Ferriss, and Johnson27  repor ted   s imi la r   resu l t s ,  
a s  d i d  Wills.32 That t h e  ax ia l  convec t ion  ve loc i ty  va r i e s  more slowly 
across  the  s h e a r  l a y e r  a d j a c e n t  t o  t h e  j e t  core than the mean v e l o c i t y  
i s  thus  well es tabl ished  experimental ly .   Davies ,   Fisher ,  and B a r r a t t J 2 ’  
D a v i e ~ , ” ~  F i s h e r ,  and D a ~ i e s , ~ ~  and Richards35 explain t h i s  phenomenon 
p h y s i c a l l y  i n  terms of t h e  p r o b a b i l i t y  d e n s i t y  of t h e  t u r b u l e n t  v e l o c i t y  
f l u c t u a t i o n s .  B a s i c a l l y ,  t h e  l a r g e  s c a l e  f l u c t u a t i o n s  t o  o n e  s i d e  of 
the  c e n t e r l i n e  of the s h e a r  l a y e r  c o n t a i n  l a r g e  components of t h e  
c h a r a c t e r i s t i c  free stream v e l o c i t y  j u s t  o u t s i d e  the  shear   layer .   That  
i s ,  on the j e t  c o r e  s i d e  ( Y  <D/2)  of t h e  c e n t e r  of the  shea r  l aye r ,  
t he  l a r g e  s c a l e  v e l o c i t y  f l u c t u a t i o n s  c a r r y  s i g n i f i c a n t  e n e r g y  c h a r a c -  
t e r i s t i c  of t h e  core ve loc i ty .  F i she r  and D a ~ i e s ~ ~  how how t h e s e  
edd ie s  in f luence  the  c ros s -co r re l a t ion  measurements i n  such  a way a s  
t o  c a u s e  the observed differences between the mean v e l o c i t y  and con- 
vec t ion  ve loc i ty  across  the  mixing  reg ion .  
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I n  a d d i t i o n  t o  the overal l  convect ion veloci ty  measurements ,  Fisher  
and D a ~ i e s ~ ~  measured convection velocity for several  frequency bands.  
Their measurements were made t o  determine whether or not  var ious  wave- 
number ( f requency)  components are convected downstream a t  the same 
ve loc i ty .  Their d a t a  were taken only for the r a d i a l  p o s i t i o n  Y/D = 1/2 
and ind ica t ed  tha t  t he  convec t ion  ve loc i ty  inc reased  s l igh t ly  wi th  
inc reas ing  cen te r  band  frequency of the f i l t e r e d  s i g n a l s .  I t  is s t i l l  
n o t  c l e a r ,  however, how the  convec t ion  ve loc i t i e s  of the various frequency 
components a r e  c o n v e c t e d  a t  d i f f e r e n t  r a d i a l  p o s i t i o n s  i n  the j e t .  
Figure 36 r ep resen t s  the overall  convection velocity measurements and, 
as such, does not give frequency ( eddy s i z e )  r e s o l u t i o n .  
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I t  is of i n t e r e s t ,  and exp lo red  in  a subsequent  sect ion of this 
r e p o r t ,  how a p l o t  similar to  F ig .  36 would look ,  p lo t t ed  fo r  va r ious  
frequency  components. F i r s t ,  a s  a check on the   cons is tency  of t h e  
da t a ,  convec t ion  ve loc i t i e s  were measured using the unfil tered cross- 
correlation measurements.  Then f o r  t h r e e  r a d i a l  p o s i t i o n s  a t  X/D = 2 ,  
c ross -co r re l a t ions  for data  numer ica l ly  f i l t e red  in  three  nar row bands  
were used t o  measure the frequency dependence of  the convect ion veloci ty .  
Unfil tered Convection Velocity Measurements 
P lo t s  o f  the c ross -co r re l a t ion  of t h e  u n f i l t e r e d  a x i a l  v e l o c i t y  
f l u c t u a t i o n  a s  a func t ion  of dimensionless  t i m e  d e l a y  f o r  s e v e r a l  con- 
s tan t  ho t -wire  spac ings  were used t o  compute t h e  o v e r a l l  eddy convection 
ve loc i ty .   Bamples  of t h e s e  p l o t s  a r e  shown in   F igs .  37,  38, and 39 
f o r  Mach numbers  of 0.32, 0.51, and 0.688, r e s p e c t i v e l y ,  a t  X/D = 2. 
The  dimensionless  t i m e  delay t is def ined  as  
N 
N l l O O M D  
t =  
X/D 
t 
where t is t h e  dimensional t i m e  de lay .  T h i s  has t he  e f f e c t  of g iv ing  a 
rough correspondence between correlations made under  d i f fe r ing  condi -  
t i o n s .  S t r i c t l y  s p e a k i n g ,  the c h a r a c t e r i s t i c  t i m e  [= X/(  1100M) 3 i n  
Eq. (21) shou ld  be  r e fe r r ed  to  the  loca l  t i m e  s c a l e  of t h e  t u r b u l e n t  
f l u c t u a t i o n s .  However, s i n c e  this s c a l e  was not  computed i n  t h e s e  
experiments,  Eq. ( 21) was used  instead. The resu l t ing  convec t ion  
v e l o c i t i e s  a r e  t h e  same i n  e i t h e r  c a s e .  
To ob ta in  the  de l ay  t i m e  assoc ia ted  wi th  each value of wire spacing,  
the envelope tangent  to  each correlat ion curve and passing through 
R = 1 a t  z e r o  time de lay  was drawn. The p o i n t  of tangency  of t h i s  
envelope then determines the t i m e  de lay  t o  be used with each wire 
spacing t o  compute convection  velocity.   For  example,   in  Fig.  37 t h e  
11 
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time de lay   assoc ia ted   wi th  the  wire spacing of 1 inch is shown. 
(Note  tha t  the t i m e  de lay  de te rmined  in  th i s  way does not correspond 
t o  t h e  time d e l a y  f o r  maximum c r o s s - c o r r e l a t i o n . )  The convection 
ve loc i ty ,  t hen  i s  given by 
1 
= .( X / D )  Ax ll0OMD C 
1 
The convec t ion  ve loc i ty ,  us ing  Eq. (22) ,  is then computed f o r  each wire 
spacing and a s soc ia t ed  time de lay ,  and averaged to  determine the mean 
convec t ion  ve loc i ty .  In  mos t  ca ses ,  t he  convec t ion  ve loc i t i e s  fo r  a l l  
wire spacings i n  a given test corresponded  very  closely.  However, i n  
the high-frequency band-pass  correlat ions descr ibed la ter ,  the  correla-  
t i o n  r a p i d l y  d i e s  o u t  a s  wire spacing ks increased .  More unce r t a in ty  
r e s u l t s  s i n c e  o n l y  t h e  c o r r e l a t i o n  f o r  c l o s e  wire spacings can be used;  
hence  e r rors  in  reading  t i m e  d e l a y  p r o d u c e  r e l a t i v e l y  g r e a t e r  s c a t t e r  
i n  t h e  d a t a .  However, even for t he  h igh  f r equency  co r re l a t ions ,  a t  
l eas t  th ree  tangency  poin ts  were readable  so t h a t  t h e  r e s u l t i n g  a v e r a g e  
convec t ion  ve loc i ty  was considered t o  be of acceptable accuracy. 
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Determination of the t i m e  de lay  assoc ia ted  wi th  each wire spacing 
a t  the tangency point  with the envelope of the  c ross -cor re la t ion  curves  
g ives  the  convec t ion  ve loc i ty  of t h e  frame of r e f e r e n c e  i n  which the 
turbulence   decays   l eas t   rap id ly .  The envelope  curve,   then,  is the auto- 
c o r r e l a t i o n  t h a t  would be measured i n  a frame of reference moving a t  
the convect ion speed.  
The overa l l  convec t ion  ve loc i t ies ,  measured  in  t h i s  way, a r e  compared 
in  F ig .  40 with the mean ve loc i ty  and with the da ta  taken  by other workers,  
which was shown i n  the paper by Davies, KO, and  Bose. 29 The present  
r e s u l t s  a g r e e  t o  w i t h i n  the sca t t e r  p re sen ted  in  Dav ies '  work.  Apparently 
the peak shown i n  the previous work f o r  0.4 < Y/D < 0.5 may not  be  present  
i n  the current measurements. T h i s  p o s s i b i l i t y  w i l l  be checked with more 
measurements i n  f u t u r e  work. 
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I- 
Band-Pass  Measurements "- ~ - Convection  Velocity as a Function  of  Frequency 
To measure the convection velocit ies of various frequency components 
of t h e  axial v e l o c i t y  f l u c t u a t i o n s ,  t h e  s i g n a l s  were numer i ca l ly  f i l t e r ed  
using three narrow-band fi l tering functions.  After computing the PSD 
of each channel of a given test, the spectrum was f i l t e r ed  us ing  each  
of t h e  t h r e e  f o l l o w i n g  d i g i t a l  f i l t e r i n g  f u n c t i o n s ,  
Low Band Pass - 
= cos [IT( j - 100)/803 , 60 s j s 140 
= o  j < 60, j > 140 
2 
Medium  Band Pass - 
= cos j - 400)/3201 , 
= o  
2 240 g j I 560 
j < 240, j > 560 
High Band Pass - 
= COS [TI( j - lOOO)/SOOl , 600 g j 5 1400 
= o  j < 60, j > 1400 
2 
where the frequency associated with each value of j i s  
f =  k H z .  loj 
j 2048 
The r e s u l t i n g  s p e c t r a  a f t e r  t h e  n u m e r i c a l  f i l t e r i n g  a r e  shown (super- 
imposed)  on a PSD vs .  f requency  p lo t  in  F ig .  41. The center  f requency 
of  each band is  0.875,  3.5, and 8.5 kHz, respec t ive ly .  The autocorre la -  
t i on  func t ion  o f  t he  s igna l  i n  each  band is shown in  F ig .  42. As 
expected,  the autocorrelat ion of  the narrow-band s ignals  resembles  a 
damped cosine  curve.  The f i r s t  z e r o - c r o s s i n g ,  which is p ropor t iona l  
to  the  macroscopic  or i n t e g r a l  time scale of  the  s igna l  in  tha t  f requency  
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band,  decreases w i t h  i nc reas ing  f r equency .  S imi l a r  r e su l t s  a r e  shown 
by Laurence.’*  The choice of  band  width f o r  these computations was 
a ma t t e r  of  convenience. A s  demonstrated by Laurence,” the band width 
d o e s  n o t  a f f e c t  t h e  p o r t i o n  of t h e  a u t o c o r r e l a t i o n  of i n t e r e s t - - t h a t  
p a r t  between zero time de lay  and t h e  first zero  c ross ing .  Rather ,  a 
narrower band width just  causes the a u t o c o r r e l a t i o n  t o  go more nega t ive  
(i. e., reduces the apparent damping). 
The c ross -co r re l a t ions ,  ca l cu la t ed  f rom t h e  f i l tered da ta ,  were 
used t o  p r e p a r e  p l o t s  from which convec t ion  ve loc i t i e s  were computed. 
The r e s u l t s  g i v e  the convec t ion  ve loc i ty  as  a func t ion  of frequency 
( e d d y  s i z e ) .  D a t a  f o r  three r a d i a l  p o s i t i o n s ,  a t  the a x i a l  p o s i t i o n  
X/D = 2 ,  and f o r  a Mach number of 0.51, a r e  p l o t t e d  i n  F i g .  43. The 
0 
z 
I= 0.6 u 
0 Overall Convection Velocity 
w A 0.875  kHz 
2 
> 
0 
0 
0 
0.4 . a 
3.5 kHz 
8.5 kHz A 
2 
u 
E 
a 
9 0.2 
a ! -I X 
0.0 I I I I I 1 
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 
Y I D  
FIGURE 43 RADIAL  DISTRIBUTION OF CONVECTION  VELOCITY SHOWING VARIATION 
WITH  FREQUENCY 
66 
o v e r a l l  c o n v e c t i o n  v e l o c i t y  f o r  t h e  u n f i l t e r e d  s i g n a l  i s  inc luded  fo r  
comparison. The lower  frequency  eddies (0.875 kHz center  f requency)  
a re  convec ted  a t  a s ign i f icant ly  s lower  speed  on t h e  i n n e r  s i d e  of t h e  
c e n t e r  of t h e  s h e a r  l a y e r  (Y/D < 0.5). The higher  f requencies  are 
convected a t  more nea r ly  the mean v e l o c i t y  and a re ,  i n  fac t ,  convec ted  
a t  speeds  very close to  the  ove ra l l  convec t ion  ve loc i ty .  Fo r  the  
r a d i a l  p o s i t i o n ,  Y/D = 0.6, t h e r e  is n o t  much d i f fe rence  be tween the  
convec t ion   ve loc i t i e s  of var ious  f requency components. I n  a d d i t i o n ,  
the  convec t ion  ve loc i ty  of t h e  low frequency components does not change 
much across  the  reg ion  of h i g h e s t  s h e a r  a t  t h e  c e n t e r  of t he  shea r  
l aye r .  However, d a t a  a r e  r e q u i r e d  a t  lower f requencies  and f o r  a wider 
range of r a d i a l  p o s i t i o n s  t o  e s t a b l i s h  c l e a r l y  the t rends observed here .  
Addit ional  measurements  of  this  type are  planned for  the next  s tage of 
the cu r ren t  i nves t iga t ion .  I t  is expected  that  t he  low frequency com- 
ponents of the turbulence w i l l  be convected a t  more nea r ly  a cons tan t  
ve loc i ty  (a round 0.5 U ) and tha t  the  h igher  f requency  components w i l l  
be  convec ted  a t  speeds  c lose r  t o  the  loca l  mean v e l o c i t y .  
0 
I t  i s  bel ieved that  the coherent  pressure dis turbances observed by 
Davies, KO, and B ~ s e ” ~  i n  the  core  reg ion  of t h e  j e t ,  which  have a 
convec t ion   ve loc i ty  of  about 0.6 U a r e  caused by the  ragged  edge 
( i n t e r m i t t e n c e )  of the tu rbu len t  shea r  r eg ion  a round  the  po ten t i a l  co re .  
The in t e rmi t t ence  is assoc ia ted  w i t h  t h e  l a r g e r  t u r b u l e n t  e d d i e s .  Hence, 
s i n c e  t h e  s c a l e  of t h e  l a r g e r  e d d i e s  i s  on the  o rde r  of t he  th i ckness  
of t h e  s h e a r  l a y e r ,  i t  is  expected f i r s t ,  t h a t  the  convection  speed  of 
these  eddies  w i l l  n o t  v a r y  s i g n i f i c a n t l y  a c r o s s  t h e  shear l a y e r  and 
second,  tha t  the  convec t ion  speed  should  fa l l  be tween,  perhaps ,  0.4 to  
0.6 Uo . The r e s u l t s  g i v e n  i n  F i g .  43 show t h e  c o r r e c t  t r e n d s ;  however, 
f u r t h e r  work is  requi red  t o  confirm these r e l a t i o n s h i p s .  
0 ’  
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V CONCLUDING REMARKS 
The gradual  accumula t ion  through the  years  of  bo th  fa r - f ie ld  je t  
noise measurements and in t e rna l  j e t  t u rbu lence  s t ruc tu re  measu remen t s ,  
of which t h e  c u r r e n t  work i s  an extension, i s  leading toward an under- 
s tanding of  the physical  mechanism  by  which j e t  n o i s e  i s  produced.  Noise 
measurements i n  t h e  f a r - f i e l d  show t h a t ,  from a noise-generat ion point  
of view, the j e t  i s  analogous t o  a t r a i n  of convected quadrupoles trav- 
e l i n g  a t  a speed  tha t  i s  roughly 0.6 of the c o r e  v e l o c i t y ;  i . e . ,  a t  a 
ve loc i ty  ve ry  c lose  to  tha t  obse rved  a t  t he  midd le  o f  t he  shea r  l aye r  
along a l i n e  d i r e c t l y  downstream from t h e  l i p  of the je t .  
Cross-correlation measurements in frequency bands,  which were begun 
under the current program, show tha t  t he  l a rges t - sca l e  tu rbu lence ,  hav ing  
a sca l e  o f  o rde r  o f the loca l  mix ing  r eg ion  th i ckness ,  a l so  t ends  to  be  
convected at  the mid-shear- layer  veloci ty .  The hypothesis  fol lows di-  
rect ly  that  the preponderance of  the observed sound i s  g e n e r a t e d  i n  the 
undis turbed  core  by i n t e r a c t i o n  w i t h  t h e  l a r g e s t  e d d i e s ,  which may be 
cons idered  c i rcumferent ia l ly  symmetric ("doughnut-shaped")  and  shed  from 
t h e  l i p  of t h e  j e t  o u t l e t .  
F u t u r e  s t u d i e s  i n  o u r  l a b o r a t o r y  will be devoted t o  a c l a r i f i c a t i o n  
of t h e  above hypothesis  by determining whether or not  the l a rge - sca l e  
turbulence i s  i n  f a c t  symmetric. The nex t  s t ep ,  of  course, i s  t o  i n -  
quire whether the symmetry could be destroyed by some means and t o  d e t e r -  
mine what e f f ec t  such  des t ruc t ion  would have on the generated noise.  
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